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Interleukin-7 receptor a chain (IL-7Ra) is induced
upon T cell positive selection and controls thymic
CD8-lineage specification and peripheral naive
T cell homeostasis. How IL-7Ra expression is regu-
lated in developing thymocytes is unclear. Here, we
show that transforming growth factor b (TGF-b)
signaling promoted IL-7Ra expression and CD8+
T cell differentiation. In addition, TGF-b signaling
was required for high IL-7Ra expression in CD4+
T cells bearing low-affinity T cell receptors, and the
abrogation of TGF-b receptor expression led to failed
maintenance of peripheral CD4+ T cells. Com-
promised IL-7Ra expression in TGF-b-receptor-
deficient T cells was associated with increased
expression of the Il7ra transcriptional repressor,
Gfi-1. IL-7Ra transgenesis or T-cell-specific ablation
of Gfi-1 restored IL-7Ra expression and largely
ameliorated the development and homeostasis
defects of TGF-b-receptor-deficient T cells. These
findings reveal functions for TGF-b signaling in con-
trolling IL-7Ra expression and in promoting T cell
repertoire diversification.
INTRODUCTION
A functional adaptive immune system depends on a diverse and
self-tolerant population of T cells that are generated in the
thymus and maintained in the peripheral lymphoid organs
(Jameson, 2005; Surh and Sprent, 2008). CD4+CD8+ thymocytes
bearing the fully assembled ab T cell receptor (TCR) complexes
on their cell surface are subject to selection processes regulated
by TCR ligand specificity (Starr et al., 2003). T cells expressing
TCRs with high affinity for self-MHC (major histocompatibility
complex) are eliminated through apoptosis, whereas T cells
bearing low- to intermediate-affinity TCRs to self-MHC (but not
those with TCRs incapable of engaging self-MHC) are positively
selected and differentiate into CD4+ helper or CD8+ cytotoxic
T cells.
Recent studies have shown that in addition to TCR-dependent
signals, the common g-chain cytokine interleukin-7 (IL-7) regu-lates thymic CD8+ T cell differentiation (Singer et al., 2008). Posi-
tively selected but lineage-uncommitted T cells terminate Cd8
transcription and adopt a CD4+CD8lo cell-surface phenotype.
IL-7 stimulation of these cells in vitro suppresses Cd4 transcrip-
tion and promotes reinitiation of Cd8 (Yu et al., 2003). Blockade
of IL-7 signaling in vivo inhibits CD8+ T cell differentiation (Brug-
nera et al., 2000; Park et al., 2010), whereas ablation of Socs1, a
negative regulator of common g-chain cytokine signaling, pro-
motes the generation of CD8+ T cells (Catlett and Hedrick,
2005; Chong et al., 2003; Yu et al., 2006).
IL-7 is constitutively produced by lymphoid stromal cells, and
T cell responsiveness to IL-7 is primarily regulated by the expres-
sion of IL-7 receptor a chain (IL-7Ra, also known as CD127)
(Mazzucchelli and Durum, 2007). Indeed, Il7ra is repressed in
CD4+CD8+ T cells but is upregulated in CD4+ and CD8+ T cells
after positive selection (Yu et al., 2006). Although IL-7 is not
required for thymic CD4+ T cell differentiation, it is essential for
the maintenance of CD4+ T cells in peripheral lymphoid organs
(Schluns et al., 2000; Takada and Jameson, 2009; Tan et al.,
2001). How IL-7Ra expression is regulated in T cells has started
to be elucidated. Transcription factors GABPa and Foxo1 bind to
the Il7ra promoter and induce IL-7Ra expression (Kerdiles et al.,
2009; Ouyang et al., 2009; Xue et al., 2004), whereas Gfi-1 sup-
presses Il7ra transcription via binding to the intronic regulatory
elements (Park et al., 2004; Yu¨cel et al., 2003). It has been postu-
lated that the expression and/or activity of these transcription
factors are regulated by signaling pathways after TCR engage-
ment of self-MHC. However, because T cells express TCRs
with varying affinities, it remains unclear how optimal amounts
of IL-7Ra are induced in all T cells for ensuring the selection
and maintenance of a diverse T cell repertoire.
Transforming growth factor b (TGF-b) is a regulatory cytokine
with pleiotropic functions in the control of T cell responses (Li and
Flavell, 2008). Mice with T-cell-specific deletion of TGF-b recep-
tors develop early fatal multifocal inflammatory diseases (Li et al.,
2006; Marie et al., 2006), highlighting a pivotal role for TGF-b
signaling in T cell tolerance. Our recent studies have revealed
that TGF-b inhibits deletional tolerance (T cell negative selection)
but induces immune suppression of autoreactive T cells and pro-
motes survival of CD4+Foxp3+ regulatory T cells to control T cell
tolerance (Ouyang et al., 2010). In addition, an intact TGF-b
pathway is required for the differentiation of conventional natural
killer T cells and CD8aa+ intestinal intraepithelial lymphocytes
(Konkel et al., 2011; Li et al., 2006; Marie et al., 2006). Further-
more, our previous study showed that TGF-b signaling promotesImmunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc. 335
Figure 1. Defective IL-7Ra Expression and CD8+ T Cell Differentiation in the Absence of TGF-b Signaling in T Cells
(A) Flow cytometric analysis of TGF-bRII expression in wild-type (Tgfbr2+/+) and T-cell-specific TGF-bRII-deficient (Tgfbr2/) double-positive HY thymocytes. A
representative of five independent experiments is shown.
(B and C) Flow cytometric analysis of CD4 and CD8 expression in thymic TCR-bhi HY T cells. Numbers indicate percentages of cells within respective gates (B).
Frequencies of TCR-bhiCD4+CD8+ (‘‘DP’’) and TCR-bhiCD8+ (‘‘SP’’) from ten groups of mice are presented. Circles represent individual mice, and horizontal lines
represent mean values (C). An asterisk depicts a statistically significant difference between the two groups.
(D) Flow cytometric analysis of CD127 expression in Tgfbr2+/+ and Tgfbr2/ thymic TCR-bhiCD8+ HY T cells. A representative of three independent experiments
is shown.
(E) Flow cytometric analysis of CD127 expression in Tgfbr2+/+ and Tgfbr2/ thymic TCR-bhiCD8+ T cells. A representative of five independent experiments is
shown.
Analyzed mice were 6–8 weeks old. ‘‘ISC’’ in (A), (D), and (E) stands for isotype control.
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionthe differentiation of thymic CD8+ T cells and the survival of naive
CD4+ OT-II TCR transgenic T cells (Li et al., 2006). However, the
precise mechanisms underlying such diverse activities of TGF-b
in T cells have yet to be clarified.
In this study, using a T-cell-specific TGF-b receptor II (TGF-
bRII)-deficient mouse model coupled with strains of TCR trans-
genic mice, we showed that TGF-b signaling promoted CD8+
T cell differentiation and the homeostasis of low-affinity CD4+
T cells via its regulation of IL-7Ra expression. Abrogation of
TGF-bRII in T cells led to the increased expression of the Il7ra
transcriptional repressor, Gfi-1. T-cell-specific deletion of Gfi1
restored IL-7Ra expression and corrected the defects of CD8+
T cell development and CD4+ T cell homeostasis in TGF-bRII-
deficient mice. These findings reveal a mechanism for the regu-
lation of T cell repertoire diversity through the crosstalk of TGF-b
and IL-7 cytokine signaling pathways.
RESULTS
Compromised CD8+ T Cell Differentiation and IL-7Ra
Expression in the Absence of TGF-bRII in T Cells
In our previous study of T-cell-specific TGF-bRII-deficient mice,
we observed that the number of mature thymic CD8+TCR-bhi
T cells was reduced on a polyclonal T cell background (Li
et al., 2006), which could be explained by inhibited positive
selection and/or enhanced negative selection of CD8+ T cells.
Indeed, our recent study revealed that TGF-b signaling antago-336 Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc.nizes T cell negative selection induced by high-affinity self-anti-
gens (Ouyang et al., 2010). To investigate whether TGF-b might
additionally regulate CD8+ T cell positive selection or lineage
commitment, we used the previously described T-cell-specific
TGF-bRII-deficient (Tgfbr2/) mouse model generated by a
cross between a strain of floxed Tgfbr2 mice and the CD4-Cre
transgene (Li et al., 2006). Tgfbr2/ mice were further crossed
with HY TCR transgenic mice onto a Rag1/ background for
preventing the rearrangement of endogenous TCRs. CD8+ HY
T cells, specific to an antigen encoded in the Y chromosome,
are deleted in male mice but are positively selected in female
mice. The CD4-Cre transgene is expressed in CD4+CD8+ imma-
ture thymocytes (Lee et al., 2001). Indeed, CD4+CD8+ T cells
from Tgfbr2/ female HY transgenic mice were devoid of sur-
face TGF-bRII (Figure 1A). We observed that in the absence of
TGF-bRII, the frequency of mature CD8+TCR-bhi HY cells was
50% lower than that of cells from Tgfbr2+/+ female HY transgenic
mice (Figures 1B and 1C). These observations support an impor-
tant function for TGF-b signaling in the control of thymic CD8+
T cell lineage differentiation.
We wished to identify TGF-b target genes involved in the con-
trol of T cell development. To this end, we purified CD8+TCR-bhi
thymocytes from wild-type and TGF-bRII-deficient mice and
performed global gene-expression profiling with Affymetrix
oligonucleotide arrays. Among the differentially expressed
genes, Il7ra was downregulated approximately 6-fold in TGF-
bRII-deficient T cells (data not shown). Because IL-7 signaling
Figure 2. Defective IL-7Ra Expression and OT-II T Cell Homeostasis in the Absence of TGF-b Signaling in T Cells
(A) Flow cytometric analysis of CD4 and CD8 expression in wild-type (Tgfbr2+/+) and T-cell-specific TGF-bRII-deficient (Tgfbr2/) thymic OT-II T cells (left).
Numbers on dot plots indicate the percentages of gated cells. The graph shows the frequencies of CD4SP thymocytes from Tgfbr2+/+ and Tgfbr2/ OT-II mice
(right). Circles represent individual mice, and horizontal lines represent means (n = 7 per genotype).
(B) Flow cytometric analysis of CD4 and TCR-b expression in OT-II T cells isolated from the spleens and peripheral lymph nodes (pLNs) of Tgfbr2+/+ and Tgfbr2/
mice (left). Graphs show the frequencies of CD4+TCR-b+ cells from Tgfbr2+/+ and Tgfbr2/ OT-II mice (right). Circles represent individual mice, and horizontal
lines represent means (n = 7–8 per genotype). An asterisk depicts a statistically significant difference between the two groups.
(C) Flow cytometric analysis of CD127 expression in thymic, splenic, and pLN OT-II T cells from Tgfbr2+/+ and Tgfbr2/mice. ‘‘ISC’’ stands for isotype control. A
representative of three independent experiments is shown.
Analyzed mice were 5–8 weeks old. See also Figure S1.
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionis a critical regulator of thymic CD8+ T cell differentiation (Brug-
nera et al., 2000; Park et al., 2010), we determined cell-surface
expression of IL-7Ra (CD127). In line with the gene-expression
results, TGF-bRII-deficient HY T cells and thymic CD8+TCR-bhi
T cells from a polyclonal background expressed low to undetect-
able amounts of IL-7Ra (Figures 1D and 1E). These findings
reveal a function for TGF-b signaling in the regulation of IL-7Ra
expression in CD8+ T cells.
Defective OT-II T Cell Homeostasis and IL-7Ra
Expression in the Absence of TGF-bRII in T Cells
Using an OT-II (CD4+ TCR specific to OVA peptide) transgenic
model, we have recently shown that TGF-b signaling is indis-
pensable for the control of OT-II T cell tolerance to ovalbumin
expressed as a neo-self-antigen in the pancreas (Ouyang
et al., 2010). However, in the absence of ovalbumin antigen,
TGF-bRII-deficient OT-II T cells are not activated but undergo
apoptosis in the peripheral lymphoid organs (Li et al., 2006).
To understand how TGF-b signaling regulates OT-II T cell
homeostasis, we first assessed T cell development in TGF-bRII-deficient OT-II transgenic mice that had been crossed
onto a Rag1/ background. In contrast to that of HY T cells
(Figures 1B and 1C), positive selection of thymic OT-II T cells
was comparable between wild-type and TGF-bRII-deficient
mice (Figure 2A). However, in line with our previous findings
(Li et al., 2006), lymph node and splenic OT-II T cells were
dramatically reduced in the absence of TGF-bRII (Figure 2B).
IL-7 signaling is dispensable for the positive selection of
CD4+ T cells but is required for their maintenance in the periph-
eral lymphoid organs (Takada and Jameson, 2009). Indeed, we
found that IL-7Ra expression was almost undetectable in
thymic or peripheral TGF-bRII-deficient OT-II T cells (Figure 2C).
Importantly, CD62LhiCD44lo naive-phenotype T cells from TGF-
bRII-deficient OT-II mice expressed lower amounts of IL-7Ra
than did their wild-type counterparts (Figure S1, available
online), suggesting that downregulation of IL-7Ra expression
was not due to T cell activation. Together, these observations
raise the possibility that TGF-b signaling might promote naive
OT-II T cell homeostasis through its regulation of IL-7Ra
expression.Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc. 337
Figure 3. TGF-b Regulation of Low-Affinity CD4+ T Cell Homeostasis
(A) Flow cytometric analysis of CD127 expression in wild-type (Tgfbr2+/+) and T-cell-specific TGF-bRII-deficient (Tgfbr2/) thymic TCR-bhiCD4+ T cells. ‘‘ISC’’
stands for isotype control. A representative of four independent experiments is shown.
(B) Tgfbr2+/+ (left) and Tgfbr2/ (right) thymic TCR-bhiCD4+ T cells were separated into CD127lo and CD127hi populations. CD5 expression was analyzed by flow
cytometry.
(legend continued on next page)
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TGF-b Signaling Regulates T Cell IL-7Ra ExpressionTCR StrengthModulates IL-7Ra Expression in TGF-bRII-
Deficient CD4+ T Cells
To investigate whether TGF-b signaling has a general function in
the regulation of IL-7Ra expression in CD4+ T cells, we assessed
the amounts of surface IL-7Ra on thymic CD4+TCR-bhi T cells on
a polyclonal T cell background. Indeed, TGF-bRII-deficient CD4+
T cells showed less IL-7Ra expression than did the wild-type
T cells (Figure 3A). However, surface IL-7Rawasmore heteroge-
neous in polyclonal CD4+ T cells than in OT-II T cells (Figures 2C
and 3A). The OT-II TCR binds with low affinity to self-MHCmole-
cules, raising the possibility that TGF-bmight differentially regu-
late IL-7Ra expression in CD4+ T cells with varying TCR affinities
for their selection antigens. To test this hypothesis, we assessed
the expression of CD5, a marker positively associated with the
strength of TCR signaling (Azzam et al., 2001; Smith et al.,
2001). We found that IL-7Ralo TGF-bRII-deficient CD4+ T cells
expressed lower amounts of CD5 than did IL-7Rahi T cells,
whereas IL-7Rahi and IL-7Ralo CD4+ T cells from wild-type mice
had comparable surface CD5 (Figure 3B). Indeed, the CD5
mean fluorescence intensity (MFI) ratio between IL-7Rahi and
IL-7Ralo CD4+ T cells was higher in TGF-bRII-deficient CD4+
T cells than in wild-type T cells (Figure S2). These observations
suggest that TGF-b signaling plays amore critical role in promot-
ing IL-7Ra expression in CD4+ T cells bearing low-affinity TCRs.
To corroborate these findings, we used the AND TCR trans-
genic mouse model. AND T cells can be positively selected by
class II antigens presented by Ab or Ek. The AND TCR has
been found to bind to the selection antigen on the H-2k back-
ground with higher affinity than on the H-2b background (Smith
et al., 2001), in line with elevated CD5 expression on H-2k AND
T cells (Figure 3C). To investigate the role of TCR affinity inmodu-
lating TGF-b-dependent IL-7Ra expression, we crossed T-cell-
specific TGF-bRII-deficient mice with AND TCR transgenic
mice on either the H-2k or the H-2b background. We bred these
mice onto a Rag1/ background to prevent the rearrangement
of endogenous TCRs. In the absence of TGF-b signaling, positive
selection of AND T cells proceeded normally on both the H-2k
and the H-2b backgrounds (Figure 3D). However, IL-7Ra expres-
sion was reduced in TGF-bRII-deficient AND T cells in the
thymus (Figure 3E, left panel). Interestingly, AND T cells on the
H-2k background expressed higher amounts of IL-7Ra than did
T cells on the H-2b background, and the abrogation of TGF-b
signaling resulted in a much more profound defect in IL-7Ra
expression on AND T cells on the H-2b background (Figures 3E
and 3F, left panels). These findings reveal that both TGF-b
signaling and TCR strength regulate IL-7Ra expression in
CD4+ T cells.(C) Flow cytometric analysis of CD5 expression in thymic TCR-bhiCD4+ AND T
experiments is shown.
(D) Flow cytometric analysis of CD4 and CD8 expression in wild-type (Tgfbr2+/+) a
(left). The graph shows the frequencies of thymic AND T cells from Tgfbr2+/+ and
dividual mice, and horizontal lines represent means (n = 5 per genotype).
(E) Flow cytometric analysis of CD127 expression in TCR-bhiCD4+ AND T cells iso
H-2b or H-2k background. A representative of five independent experiments is s
(F) Relative MFI of CD127 in thymic, splenic, and pLN Tgfbr2+/+ and Tgfbr2/ AND
the mean ± SEM.
(G) Flow cytometric analysis of CD4 and TCR-b expression in splenic and pLN Tgf
show the percentages of splenic and pLN AND T cells (right). Circles represent i
Analyzed mice were 15–18 days old (A and B) or 8–10 weeks old (C–G). See alsoAblation of TGF-bRII in OT-II T cells resulted in their failed
maintenance in the peripheral lymphoid organs; this failed main-
tenance was associated with compromised IL-7Ra expression
(Figure 2). Splenic and lymph node T cells from TGF-bRII-defi-
cient AND transgenic mice exhibited more severe defects in
IL-7Ra expression on the H-2b background than on the H-2k
background (Figures 3E and 3F, middle and right panels). Impor-
tantly, in the absence of TGF-bRII, AND T cells were reduced by
approximately 59% in the spleen and 9% in the lymph nodes on
the H-2b background; in contrast, they were only reduced by
roughly 30% (spleen) and 2% (lymph nodes) on the H-2k back-
ground (Figure 3G). Collectively, these results demonstrate an
important function for TGF-b signaling in the control of IL-7Ra
expression and the homeostasis of CD4+ T cells bearing low-
affinity TCRs.
IL-7Ra Transgenesis Ameliorates Developmental and
Homeostasis Defects of TGF-bRII-Deficient T Cells
To investigate whether reduced IL-7Ra expression contributed
to the CD8+ T cell differentiation defect in the absence of TGF-
bRII, we crossed T-cell-specific TGF-bRII-deficient mice to an
IL-7Ra transgenic background (Yu et al., 2004). The IL-7Ra
transgene was driven by a human CD2 enhancer-promoter
element that rescued IL-7Ra expression on TGF-bRII-deficient
CD8SP thymocytes (Figure 4A). Such ectopic expression of IL-
7Ra partially corrected the differentiation defects of CD8SP thy-
mocytes in TGF-bRII-deficient mice (Figure 4B).
To assess whether loss of IL-7R expression triggered the
CD4+ T cell homeostasis defect in the absence of TGF-bRII,
we generated IL-7Ra transgenic TGF-bRII-deficient OT-II mice
on a Rag1/ background. As observed previously, TGF-bRII-
deficient OT-II cells expressed lower amounts of IL-7Ra than
did wild-type controls (Figure 4C and Figure 2C). By contrast,
OT-II T cells from both wild-type and TGF-bRII-deficient IL-
7Ra transgenic mice expressed uniformly high amounts of IL-
7Ra (Figure 4C). Notably, enforced expression of the IL-7Ra
chain resulted in a significant increase of OT-II T cells in the
spleens and lymph nodes of TGF-bRII-deficient mice (Figure 4D).
Collectively, these results demonstrate that compromised IL-
7Ra expression is in part responsible for defective CD8+ T cell
development and CD4+ T cell homeostasis in TGF-bRII-deficient
mice.
TGF-b Regulation of Gfi-1 Expression in T Cells
We wished to investigate the molecular mechanisms by
which TGF-b regulates IL-7Ra expression in developing
T cells. Previous studies have shown that the transcriptioncells on the H-2k or H-2b background. A representative of three independent
nd TGF-bRII-deficient (Tgfbr2/) AND T cells on the H-2b or H-2k background
Tgfbr2/ mice on the H-2b or H-2k background (right). Circles represent in-
lated from the thymus, spleen and pLNs of Tgfbr2+/+ and Tgfbr2/mice on the
hown.
T cells on the H-2b or H-2k background. n = 5–7 per genotype. Data represent
br2+/+ and Tgfbr2/ AND T cells on the H-2b or H-2k background (left). Graphs
ndividual mice, and horizontal lines represent means (n = 5–7 per genotype).
Figure S2.
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Figure 4. Partial Rescue of CD8+ T Cell Differentiation and CD4+ T Cell Homeostasis Defects by IL-7Ra Transgene Expression
(A) Flow cytometric analysis of CD127 on CD8SP thymocytes isolated from Tgfbr2+/+, Tgfbr2/, Tgfbr2+/+ IL7R Tg, and Tgfbr2/ IL7R Tg mice.
(B) Flow cytometric analysis of CD8SP and CD4SP among TCR-bhi thymocytes from Tgfbr2+/+, Tgfbr2/, Tgfbr2+/+ IL7R Tg, and Tgfbr2/ IL7R Tg mice. The
graph shows the percentages of CD8SP among TCR-bhi thymocytes. Circles represent individual mice, and horizontal lines represent means (n = 6–8 per ge-
notype).
(C) Flow cytometric analysis of CD127 on splenic (top) and pLN (bottom) OT-II T cells from OT-II Tgfbr2+/+, OT-II Tgfbr2/, OT-II Tgfbr2+/+ IL7R Tg, and OT-II
Tgfbr2/ IL7R Tg mice.
(D) Flow cytometric analysis of CD4+TCR-b+ cells in the spleen (top) and pLNs (bottom) of OT-II Tgfbr2+/+, OT-II Tgfbr2/, OT-II Tgfbr2+/+ IL7R Tg, and OT-II
Tgfbr2/ IL7R Tg mice. Graphs show CD4+TCR-b+ cell frequencies in the spleens and pLNs. Circles represent individual mice, and horizontal lines represent
means (n = 6–8 per genotype).
Analyzed mice were 14–16 days old (A and B) or 6–9 weeks old (C and D), and data are representative of seven (A and B) or eight (C and D) independent
experiments. ‘‘FMO’’ in (A) and (C) indicates fluorescence minus one control.
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionfactor Foxo1 is essential for IL-7Ra expression in naive
T cells (Kerdiles et al., 2009; Ouyang et al., 2009). To determine
the effect of TGF-bRII deficiency on Foxo1 expression, we340 Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc.used a Foxo1-GFP reporter mouse strain in which the Foxo1
allele with an in-frame fusion of GFP was engineered and
knocked into the Foxo1 locus (Ouyang et al., 2012). In the
Figure 5. TGF-b Regulation of Gfi-1 Expression in T Cells
(A) Wild-type CD4+ and CD8+ T cells were left untreated or were stimulated with CD3 and CD28 antibodies in the absence or presence of TGF-b. Gfi-1 expression
was determined by quantitative PCR. Gfi-1 mRNA amounts are presented relative to b-actin expression.
(B) Quantitative PCR analysis of Gfi-1 mRNA amounts in TCR-bloCD4+CD8+ (‘‘DP’’), TCR-bhiCD4+ (‘‘SP’’), and TCR-bhiCD8+ (‘‘SP’’) T cells isolated fromwild-type
(Tgfbr2+/+) and T-cell-specific TGF-bRII-deficient (Tgfbr2/) mice.
(C) Quantitative PCR analysis of Gfi-1 mRNA amounts in thymic Tgfbr2/ TCR-bhiCD4+ T cells expressing low or high amounts of CD127 (Figure 3B). Data
represent the mean ± SEM. A representative of three independent experiments is shown. An asterisk depicts a statistically significant difference between the two
groups.
See also Figure S3.
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionabsence of TGF-bRII, Foxo1 expression was slightly reduced
in CD4+TCR-bhi and CD8+TCR-bhi mature T cells (subsets
I and II) but was comparable in the lineage-uncommitted
CD4+CD8loTCR-bhi T cells (subset III, Figures S3A and S3B).
However, surface IL-7Ra was substantially decreased in
CD4+CD8loTCR-bhi TGF-bRII-deficient T cells (Figures S3A and
S3B). These observations suggest that it is unlikely that TGF-b
signaling promotes IL-7Ra expression via the induction of
Foxo1 expression.
Il7ra transcription in T cells is subject to regulation by both
repressors and activators. Gfi-1 is a transcriptional suppressor
that inhibits IL-7Ra expression in response to T-cell-survival
cytokines in CD8+, but not in CD4+, T cells (Park et al., 2004).
Nevertheless, a recent study showed that IL-4-induced Gfi-1
expression is inhibited by TGF-b in CD4+ T cells (Zhu et al.,
2009; Zhu et al., 2002). In a gene-expression-profiling study,
we found that TGF-b repressed Gfi-1 expression in anti-CD3-
and anti-CD28-stimulated CD4+ T cells and CD8+ T cells
in vitro (data not shown), and this was confirmed in a quantitative
RT-PCR experiment (Figure 5A). To investigate whether TGF-b
regulates Gfi-1 expression in vivo, we measured Gfi-1 mRNA
expression in T cells from wild-type and TGF-bRII-deficient
mice. Immature CD4+CD8+ T cells from wild-type mice
expressed high amounts of Gfi-1, which was markedly downre-
gulated in CD4+TCR-bhi and CD8+TCR-bhi mature T cells
(Figure 5B). In the absence of TGF-bRII, Gfi-1 expression was
substantially increased in CD4+TCR-bhi and CD8+TCR-bhi
T cells, whereas its expression in CD4+CD8+ T cells was compa-
rable to that in wild-type mice (Figure 5B). The increased Gfi-1
expression in mature T cells was associated with IL-7Ra down-
regulation in TGF-bRII-deficient mice (Figures 1E and 3A).
Indeed, TGF-bRII-deficient IL-7RaloCD4+TCR-bhi T cells
expressed higher amounts of Gfi-1 than did IL-7RahiCD4+
TCR-bhi T cells (Figure 5C). Moreover, Gfi-1 expression was
increased in TGF-bRII-deficient OT-II T cells that had diminished
IL-7Ra expression (Figure 2C and Figure S3C). These findings
raise the possibility that TGF-b signaling promotes IL-7Ra
expression via the inhibition of Gfi-1 expression in CD8+
T cells and CD4+ T cells.Absence of Gfi-1 Corrects IL-7Ra Expression and T Cell
Differentiation and Homeostasis Defects
To explore the function of Gfi-1 in regulating T cell responses in
TGF-bRII-deficient mice, we used a mouse strain with floxed
knockin alleles of Gfi1 (Zhu et al., 2006). We crossed these
mice to the Tgfbr2/ background to induce T-cell-specific dele-
tion of Tgfbr2 and Gfi1. In the absence of Gfi-1, IL-7Ra expres-
sion was largely restored in both lineage-uncommitted
CD4+CD8loTCR-bhi T cells and CD8+TCR-bhi mature T cells (Fig-
ures 6A and 6B). Importantly, Gfi-1 ablation corrected the CD8+
T cell differentiation defects in TGF-bRII-deficient mice (Fig-
ure 6C). These findings demonstrate that TGF-b signaling sup-
presses Gfi-1 expression to promote IL-7Ra expression and
CD8+ T cell lineage commitment.
To investigate whether enhanced Gfi-1 expression caused the
homeostasis defects of low-affinity CD4+ T cells, we first deter-
mined the effect of Gfi-1 deletion on IL-7Ra expression in thymic
CD4+TCR-bhi T cells. Gfi-1 ablation partially restored IL-7Ra
expression in TGF-bRII-deficient T cells from a polyclonal
T cell background (Figure 7A). TGF-b signaling in T cells has a
crucial function in the control of T cell tolerance, and Gfi-1 is
an important regulator of CD4+ helper T cell differentiation (Zhu
et al., 2009; Zhu et al., 2002). However, neither the fatal autoim-
mune disease nor the type I T cell response that develops in
TGF-bRII-deficient mice was corrected in the absence of Gfi-1
(Figure S4A and data not shown). Such a strong inflammatory
disorder hampered the assessment of Gfi-1 deficiency on the
maintenance of TGF-bRII-deficient naive CD4+ T cells in the
peripheral lymphoid organs.
To address the definitive function of Gfi-1 in naive CD4+
T cells, we crossed T-cell-specific TGF-bRII- and Gfi-1-deficient
mice to the OT-II TCR transgenic background. We further bred
these mice onto a Rag1/ background to prevent the rear-
rangement of endogenous TCRs. As expected, thymic develop-
ment of OT-II T cells was unaffected in the absence of Gfi-1
(Figure S4B). However, ablation of Gfi-1 largely restored
IL-7Ra expression in thymic TGF-bRII-deficient OT-II T cells (Fig-
ure 7B). In the absence of Gfi-1, splenic and lymph node TGF-
bRII-deficient OT-II T cells expressed comparable amounts ofImmunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc. 341
Figure 6. Correction of IL-7Ra Expression and the Differentiation Defects of TGF-bRII-Deficient CD8+ T Cells in the Absence of Gfi-1
(A and B) Flow cytometric analysis of CD127 expression in thymic TCR-bhiCD4hiCD8lo intermediate T cells (A) or TCR-bhiCD8+ single-positive (‘‘SP’’) T cells (B)
from wild-type (Tgfbr2+/+Gfi1+/+), TGF-bRII-deficient (Tgfbr2/Gfi1+/+), Gfi-1-deficient (Tgfbr2+/+Gfi1/), and TGF-bRII- and Gfi-1-deficient (Tgfbr2/ Gfi1/)
mice (left). ‘‘ISC’’ stands for isotype control. The relative MFI of CD127 in these cells was plotted as the mean ± SEM (right). A representative of six independent
experiments is shown.
(C) Flow cytometric analysis of CD4 andCD8 expression in thymic TCR-bhi T cells from Tgfbr2+/+Gfi1+/+, Tgfbr2/Gfi1+/+, Tgfbr2+/+Gfi1/, and Tgfbr2/Gfi1/
mice (left). The percentages of TCR-bhiCD8+ were plotted (right, n = 9–13 per genotype). Circles represent individual mice, and horizontal lines represent means.
An asterisk depicts a statistically significant difference between the groups. A representative of seven independent experiments is shown.
Analyzed mice were 15–18 days old.
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TGF-b Signaling Regulates T Cell IL-7Ra ExpressionIL-7Ra to those of wild-typeOT-II T cells (Figure 7C). Importantly,
deletion of Gfi-1 corrected the T cell maintenance defects in the
peripheral lymphoid organs (Figure 7D). These findings reveal
that TGF-b signaling promotes IL-7Ra expression and the
homeostasis of low-affinity CD4+ T cells in part via the inhibition
of Gfi-1 expression.
DISCUSSION
Recent studies have revealed pleiotropic functions for TGF-b
in the control of thymic T cell development, as well as peripheral
T cell homeostasis, tolerance to self-antigens, and T cell differ-
entiation, during the immune response (Li and Flavell, 2008).342 Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc.However, the underlying mechanisms remain elusive. In this
study, we used a T-cell-specific TGF-bRII-deficient mouse
model and TCR transgenic mouse strains to define the precise
function and mechanism by which TGF-b regulates CD8+
T cell development and CD4+ T cell homeostasis. We found
that TGF-b signaling promoted CD8+ T cell positive selection
and lineage commitment. In addition, although CD4+ T cell
positive selection was unaffected in the absence of TGF-b
signaling, deletion of TGF-bRII resulted in compromised mainte-
nance of naive CD4+ T cells, especially T cells bearing low-
affinity TCRs, in the peripheral lymphoid organs. Such T cell
development and homeostasis defects were associated with
reduced IL-7Ra expression and were partially rescued in mice
Figure 7. Correction of IL-7Ra Expression and the Homeostasis Defects of TGF-bRII-Deficient OT-II T Cells in the Absence of Gfi-1
(A) Flow cytometric analysis of CD127 expression in thymic TCR-bhiCD4+ single-positive (‘‘SP’’) T cells from wild-type (Tgfbr2+/+Gfi1+/+), TGF-bRII-deficient
(Tgfbr2/Gfi1+/+), Gfi-1-deficient (Tgfbr2+/+Gfi1/), and TGF-bRII- andGfi-1-deficient (Tgfbr2/Gfi1/) mice (left). The relativeMFI of CD127 in these cells was
plotted as the mean ± SEM (right). A representative of six independent experiments is shown.
(B and C) Flow cytometric analysis of CD127 expression in TCR-bhiCD4+ OT-II T cells from the thymus (B), spleens or pLNs (C) of Tgfbr2+/+Gfi1+/+,
Tgfbr2/Gfi1+/+, Tgfbr2+/+Gfi1/, and Tgfbr2/Gfi1/ mice (left). The relative MFI of CD127 in these cells was plotted as the mean ± SEM (right). A repre-
sentative of five independent experiments is shown.
(D) Flow cytometric analysis of CD4 and TCR-b expression in splenic and pLN Tgfbr2+/+Gfi1+/+, Tgfbr2/Gfi1+/+, Tgfbr2+/+Gfi1/, and Tgfbr2/Gfi1/ OT-II
T cells (left). Graphs show the percentages of splenic and pLN T cells (right). Circles represent individual mice, and horizontal lines represent means (n = 6–8 per
genotype).
Analyzed mice were 6–10 weeks old. ‘‘ISC’’ in (A)–(C) stands for isotype control. See also Figure S4.
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionexpressing an IL-7Ra transgene and in mice with T-cell-specific
deletion of the Il7ra transcriptional repressor, Gfi-1. These obser-
vations uncover an important role for TGF-b signaling in theestablishment and maintenance of a diverse population of
T cells in part through the induction of IL-7Ra expression in
developing T cells.Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc. 343
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TGF-b Signaling Regulates T Cell IL-7Ra ExpressionHow CD4- versus CD8-lineage choice is made during thymic
T cell differentiation is an area of active research and intense
debate. TCR specificity and affinity to self-MHC molecules are
critical regulators of T cell selection and lineage commitment in
the thymus. The classical stochastic or instructional models of
CD4- versus CD8-lineage determination are based on the
assumption that the termination of CD4 or CD8 coreceptor
expression is dependent on TCR signals (Singer et al., 2008).
However, recent studies have revealed that the common g-chain
family of cytokines, such as IL-7, coordinates with the TCR to
regulate the development of CD8+ T cells, which led to the pro-
posal of a kinetic signaling model of CD4- versus CD8-lineage
choice (Singer et al., 2008). On the basis of this model, TCR-
mediated positive selection converts CD4+CD8+ immature thy-
mocytes to intermediate CD4+CD8lo T cells that can potentially
respond to IL-7. Persistent TCR signaling drives the intermediate
thymocytes to differentiate into CD4+ T cells, whereas termina-
tion of TCR signaling enables intermediate thymocytes to be
signaled by IL-7 and differentiate into CD8+ T cells. A critical
determinant of IL-7 responsiveness during T cell positive selec-
tion is IL-7Ra, which is not expressed in immature thymocytes
but is upregulated in intermediate thymocytes. Here, we show
that TGF-b signaling was indispensable for the induction of IL-
7Ra expression in intermediate thymocytes and CD8+ mature
T cells. In addition, TGF-bRII deficiency resulted in compromised
CD8+ T cell differentiation on both polyclonal TCR and HY trans-
genic backgrounds. These findings reveal a function for TGF-b
signaling in the control of T cell positive selection and provide
additional evidence to support the kinetic signaling model of
CD4- versus CD8-lineage choice.
Although TGF-b signaling was essential for the induction of IL-
7Ra expression in CD4+ OT-II T cells, it was dispensable for their
positive selection. These observations are in agreement with the
hypothesis that persistent TCR signaling, but not cytokine
signaling, controls CD4+ T cell differentiation (Singer et al.,
2008). IL-7Ra expression in TGF-bRII-deficient polyclonal
CD4+ T cells was more heterogeneous than that in CD8+
T cells. In fact, the amounts of surface IL-7Ra in TGF-bRII-defi-
cient CD4+ T cells were positively associated with those of
CD5. Because CD5 expression is thought to increase with stron-
ger TCR stimulation, these observations imply that TCR signaling
intensity modulates IL-7Ra expression in developing T cells.
Indeed, using the AND TCR transgenic model, we showed that
T cells selected on the high-affinity H-2k background expressed
higher amounts of IL-7Ra than did T cells on the low-affinity H-2b
background. Taken together, these findings suggest that TCR
and TGF-b signaling pathways coordinately regulate IL-7Ra
expression during T cell positive selection.
In addition to regulating T cell selection, IL-7 signaling regu-
lates the survival and homeostatic proliferation of naive T cells
(Schluns et al., 2000; Tan et al., 2001). We found that TGF-
bRII-deficient OT-II and AND T cells failed to be maintained in
the peripheral lymphoid organs. Intriguingly, the T cell homeo-
stasis defects were more severe for AND T cells on the H-2b
background than on the H-2k background, which was associ-
ated with the severity of IL-7Ra expression defects in these
T cells. These observations suggest that TGF-b has a critical
role in inducing optimal amounts of IL-7Ra expression in CD4+
T cells bearing low-affinity TCRs. Our previous study showed344 Immunity 39, 335–346, August 22, 2013 ª2013 Elsevier Inc.that TGF-b signaling in T cells is essential for suppressing auto-
immune diseases induced by autoreactive CD4+ T cells (Ouyang
et al., 2010). Altogether, these findings reveal a crucial function
for TGF-b signaling in promoting a diverse and self-tolerant
repertoire of T cells in mice; such a repertoire of T cells is an
important prerequisite for the establishment of a functional
adaptive immune system. In this study, we used CD4-Cre to
delete TGF-bRII in CD4+CD8+ T cells, and the IL-7Ra expression
defect was already observed in the thymus. Therefore, it
remains to be determined whether TGF-b signaling solely regu-
lates IL-7Ra expression during T cell selection or is additionally
required for maintaining IL-7Ra expression in peripheral CD4+
T cells. Furthermore, the positive-selection defects of TGF-
bRII-deficient CD8+ T cells hampered the investigation of TGF-
b signaling in the control of CD8+ T cell homeostasis in the
peripheral lymphoid organs. Future studies with inducible dele-
tion of TGF-bRII in mature T cells will help to address these
questions.
Il7ra transcription in T cells is under the control of trans-
criptional activators and repressors. IL-7Ra expression in
CD4CD8 T cell progenitors is dependent on the Ets family
transcription factor GABPa (Xue et al., 2004), whereas the fork-
head family transcription factor Foxo1 induces Il7ra transcription
inmature T cells (Kerdiles et al., 2009; Ouyang et al., 2009). Stim-
ulation of mature T cells with IL-7 or other prosurvival cytokines
inhibits Il7ra transcription, which is in part mediated by the tran-
scriptional repressor Gfi-1 in CD8+ T cells, but not in CD4+ T cells
(Park et al., 2004). Gfi-1 is highly expressed in CD4+CD8+ T cells
and is downregulated upon T cell positive selection and lineage
commitment (Yu¨cel et al., 2004). Indeed, global Gfi-1 deficiency
leads to increased IL-7Ra expression in CD4+CD8+ T cells and
enhanced CD8+ T cell differentiation in mice (Yu¨cel et al.,
2003). Nevertheless, how Gfi-1 expression is regulated during
T cell differentiation is unclear. Here, we show that TGF-b
signaling was essential for the suppression of Gfi-1 expression
in mature CD8+ T cells and CD4+ T cells. Importantly, T-cell-spe-
cific deletion of Gfi1 corrected the defects in IL-7Ra expression
and largely restored CD8+ T cell differentiation and CD4+ T cell
homeostasis in TGF-bRII-deficient mice. These observations
establish TGF-b as an important regulator of Gfi-1 expression
in vivo and reveal a function for Gfi-1 in the control of IL-7Ra
expression in CD4+ T cells. The precise mechanisms by which
TGF-b suppresses Gfi-1 expression remain to be determined.
TGF-b engagement of the tetrameric receptor complex initiates
diverse signaling pathways, including the activation of Smad
transcription factors (Li and Flavell, 2008). Interestingly, TGF-b
downregulation of Gfi-1 mRNA expression was found to be
comparable in wild-type, Smad2/, and Smad3/ CD4+
T cells (Ichiyama et al., 2009). Recent work has shown that
Smad2 and Smad3 have redundant functions in the control of
TGF-b-dependent T cell tolerance in mice (Takimoto et al.,
2010). Future studies will determine whether TGF-b suppression
of Gfi-1 expression in T cells is redundantly regulated by Smad
proteins or occurs via Smad-independent mechanisms. Never-
theless, it is important to note that neither IL-7Ra overexpression
nor Gfi-1 deficiency could completely rescue the T cell develop-
ment and homeostasis defects in the absence of TGF-bRII. The
Gfi-1- and IL-7Ra-independent mechanisms of T cell regulation
by TGF-b remain to be fully elucidated. A recent study showed
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TGF-b Signaling Regulates T Cell IL-7Ra Expressionthat TGF-b signaling is required for the induction and mainte-
nance of CD8a expression in CD8aa+ intraepithelial lympho-
cytes (Konkel et al., 2011). It is plausible that such a direct effect
of TGF-b signaling onCD8a expressionmight cooperate with the
IL-7Ra-dependent mechanism to promote thymic commitment
of conventional CD8ab+ T cells.
The cellular mechanisms by which TGF-b regulates IL-7Ra
expression, as well as CD8+ T cell development and CD4+
T cell homeostasis, are open for future studies. In mammals,
there are three types of TGF-b molecules, of which TGF-b1 is
the major protein expressed in the immune system (Li and Fla-
vell, 2008). A previous study of TCR diversity in TGF-b1-deficient
mice showed that peripheral, but not thymic, TGF-b1-deficient
CD4+ T cells exhibit a nonpolyclonal distribution of the variable
region of TCR Vb chains (Robinson and Gorham, 2007), which
could be explained by the failed maintenance of low-affinity
CD4+ T cells in thesemice. However, it remains to be determined
whether IL-7Ra expression in mature T cells and thymic CD8+
lineage specification are regulated by TGF-b1. In addition,
TGF-b1 is produced by multiple cell lineages in vivo. Using a
strain of mice with floxed Tgfb1 alleles, we have shown that
T-cell-produced TGF-b1 regulates T cell tolerance and effector
T cell differentiation (Donkor et al., 2011; Gutcher et al., 2011;
Li et al., 2007). The function of T-cell- or other cell-type-pro-
duced TGF-b1 in regulating T cell development and homeostasis
will be an interesting topic for future study.
In conclusion, in this studywe have uncovered a regulatory cir-
cuit in which TGF-b promotes CD8+ T cell lineage choice and
maintenance of low-affinity CD4+ T cells via crosstalk with the
IL-7 signaling pathway. These findings refine our understanding
of the pleiotropic activities of TGF-b in T cells and the important
functions of cytokines in the control of T cell selection and reper-
toire diversification.EXPERIMENTAL PROCEDURES
Mice
Mice containing floxed Tgfbr2, floxed Gfi1, and CD4-Cre alleles were previ-
ously described (Li et al., 2006; Zhu et al., 2006). Rag1/ mice and OT-II
and HY TCR transgenic mice were purchased from the Jackson Laboratory.
AND TCR transgenic mice on either the H-2k or the H-2b backgroundwere pro-
vided by K. Bottomly (Yale). Il7ra transgenic (IL-7R Tg) mice (Yu et al., 2004)
were provided by A. Singer (National Cancer Institute). The Foxo1-gfp reporter
mouse strain was generated from embryonic stem cells that had undergone
homologous recombination with a knockin Foxo1 allele that had GFP cDNA
fused in frame before the stop codon of Foxo1 (Ouyang et al., 2012). Mice
with two floxed Tgfbr2 (Tgfbr2fl/fl) or Gfi1 (Gfi1fl/fl) alleles were used as controls
(Tgfbr2+/+ or Gfi1+/+). T-cell-specific TGF-bRII-deficient (Tgfbr2/) or Gfi-1-
deficient (Gfi1/) mice were generated by a cross between Tgfbr2fl/fl orGfi1fl/fl
mice, respectively, and the CD4-Cre transgene. Tgfbr2fl/fl mice were crossed
with Gfi1fl/fl mice for the generation of mice devoid of both genes
(Tgfbr2/Gfi1/). OT-II TCR transgenic mice on a Rag1/ background
were crossed with Tgfbr2/ or Tgfbr2/Gfi1/ mice for the generation of
Tgfbr2/ OT-II or Tgfbr2/Gfi1/ OT-II mice, respectively. AND and HY
TCR transgenic mice on a Rag1/ background were crossed with Tgfbr2/
mice for the generation of Tgfbr2/AND and Tgfbr2/HYmice, respectively.
Tgfbr2/ mice were crossed with IL-7R Tg mice for the generation
of Tgfbr2/ IL-7R Tg mice. OT-II TCR Rag1/ mice that were Tgfbr2+/+ or
Tgfbr2/ were crossed with IL-7R Tg mice for the generation of OT-II
Tgfbr2+/+ IL-7R Tg or OT-II Tgfbr2/ IL-7R Tg mice, respectively. All mice
were maintained under specific pathogen-free conditions, and animal experi-
mentation was conducted in accordance with institutional guidelines.Flow Cytometry
Fluorescent-dye-labeled antibodies against cell-surface markers CD4, CD8,
TCR-b, CD69, CD62L, CD5, and CD127 were purchased from eBiosciences.
Biotinylated mouse TGF-bRII antibody was obtained from R&D Systems.
Thymic, splenic, and lymph node cells were depleted of erythrocytes by hypo-
tonic lysis. Cells were incubated with specific antibodies for 15 min on ice in
the presence of 2.4G2 mAb for blocking FcgR binding. All samples were
acquired and analyzed with the LSR II flow cytometer (Becton Dickinson)
and FlowJo software (Tree Star). For intracellular cytokine staining, splenic
and lymph node cells were stimulated with 50 ng/ml phorbol 12-myristate
13-acetate (PMA, Sigma), 1 mM ionomycin (Sigma), and GolgiStop (BD Biosci-
ences) for 4 hr. After stimulation, cells were stained with cell-surface-marker
antibodies, fixed and permeabilized with a Cytofix/Cytoperm kit (BD Biosci-
ences), and stained with an interferon-g (IFN-g) antibody.
Quantitative PCR
Thymic T cell subsets and naive CD4+ and CD8+ T cells were isolated from
Tgfbr2+/+ and Tgfbr2/ mice by fluorescence-activated cell sorting. Naive
CD4+ and CD8+ T cells were stimulated with plate-bound CD3 and CD28
antibodies in the absence or presence of 10 ng/ml recombinant human TGF-
b (rhTGF-b) for 48 hr. RNAwas prepared from these cells andwas reverse tran-
scribed. Gfi-1 mRNA amounts were determined by quantitative PCR with the
primer set 50-AATGCAGCAAGGTGTTCTCC-30 and 50- GAGTGCACT
GCCTTGTGTTG-30. Expression of Gfi-1 was normalized to the b-actin
amounts detected by quantitative PCR with the primer set 50- TTGCTGACAG
GATGCAGAAG-30 and 50-ACATCTGCTGGAAGGTGGAC-30.
Statistical Analysis
Statistical analyses were conducted with an unpaired Student’s t test. A p
value < 0.05 was considered statistically significant.
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